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Abstract: In this study, a machine learning-based method to assess and predict the cracking degree
(CD) on wood fiber bundles (WFB) was developed, which is crucial for enhancing the quality control
and refining the production process of wood scrimber (WS). By roller-cracking poplar wood one to
three times, three distinct CD levels were established, and 361 WFB specimens were analyzed, using
their water absorption rate (WAR) as the foundation for CD prediction. Through crack image analysis,
four key quantitative parameters were identified—cracking density, coherence degree, crack count,
and average width—and this study found through discriminant analysis that the discrimination
accuracy on the CD levels by cracking density or coherence degree over 90%, emphasizing their
significance in evaluation. Cluster analysis grouped the specimens into three clusters based on
four key quantitative parameters, aligning with the CD levels. This study developed specialized
prediction models for each CD level, integrating principal component analysis for dimensionality
reduction with polynomial fitting, achieving mean squared error (MSE) of 0.0132, 0.0498, and 0.0204
for levels 1, 2, and 3, respectively. An integrated model, with an accuracy of 94.3% and predictions
within a 20% error margin, was created, demonstrating the effectiveness of using surface crack image
features to predict WAR of WFB. This research establishes a methodological framework for assessing
CDs on WFB, contributing to enhancing WS product quality and helping to better understand wood
cracking and water absorption mechanisms.

Keywords: wood scrimber; wood fiber bundles; cracking degree evaluation; crack image analysis;
water absorption rate prediction; machine learning

1. Introduction

Wood is the only renewable resource with carbon sequestration properties among the
world’s four basic materials (steel, cement, plastic, and wood) [1,2]. While carbon peaking
and carbon neutrality are becoming a global consensus, scientific and innovative wood
applications have ushered in a new period of development opportunities. Wood scrimber
(WS) is a novel engineered wood-based structural material processed by laminating wood
fiber bundles (WFB) impregnated with resin under hot pressing [3,4]. WS has the following
remarkable characteristics:

A. The mechanical properties of WS [5] are comparable to high-quality hard broad-
leaved wood [6], including high density, high strength, high hardness, and good
bending resistance;

B. WS can balance mechanical properties and special functions because modified liquids
can be impregnated while impregnating the resin. Therefore, a series of special-
function WS has been invented, such as fire prevention [7,8], mildew resistance [9],
hydrophobicity, and dimensional stability [10];

C. WS has low internal stress and strong material consistency and stability [11];
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D. WS uses fast-growing forest wood as raw material; thus, it can realize the large-
dimension use of small-dimension wood and the superior use of inferior wood, and
solve the problem of the shortage of high-quality structural wood resources [12].

The enhanced performance of WS is closely related to the specific structure of WFB,
characterized by a controlled cracking pattern where the longitudinal fibers remain intact,
and the transverse fibers are partially connected [13], thereby improving permeability and
adhesion. Therefore, the quantitative evaluation and online regulation of the cracking
degree (CD), such as the use of machine vision and CT [14,15], could help improve and
stabilize the quality of WFB. As the production quality of WFB becomes more stable and
controllable, the microstructure of WS will be more controllable, uniform, and orderly.
Therefore, the quality of WS will be improved significantly. Meanwhile, with the quan-
titative evaluation and online regulation of the cracking degree, refining the production
processes of WS could be achieved, such as reducing impregnation time to increase pro-
ductivity and reducing impregnation concentration to reduce production costs and carbon
emissions [16,17]. However, the current methods for the quantitative evaluation of the
quality of WFB in engineering practice and scientific research mainly rely on spot checks
of their water absorption rate (WAR) or subjective visual observations based on personal
feelings. The evaluation results have not been quantitatively graded or discussed in depth,
and the water absorption rates obtained from spot checks remain merely rough adjustments
to the process flow and process parameters based on expert experience. It is against this
backdrop that this study attempted to explore methods for the online evaluation of WFB
quality, hoping to provide a reference for future research.

Theoretically, the most accurate quantitative characterization of CD is the specific
surface area of WFB. Still, the specific surface area cannot be directly and effectively
measured in practice. Therefore, previous studies have indirectly characterized the CD by
soaking the water absorption of WFB in 5–10 min [12,13,18]. Although this method can
classify the CD, the non-online grading judgment process can only be used for sampling
checks. What is worse is it is destructive because water-soaked and dry WFBs show
different adsorption properties for adhesives and modified liquids. To address these
challenges, this study proposed a machine learning method to predict the water absorption
rate of WFB through the image characteristics of cracks and then to evaluate the CD.

Therefore, to fully exploit the morphological features of the cracks, an efficient algo-
rithm (Supplementary Materials Figure S1) for the crack extraction of WFB was designed
in this study, and CD quantitative characterization parameters were built for the first time
in the analysis of WFB images. Furthermore, WFBs made from poplar wood were chosen
as the experimental material in this study [19] because poplar wood is the most popular
raw material for WS preparation in northern China; compared with other woods, poplar
wood has significant advantages such as fast growth speed, a large artificial planting area,
and low raw material cost. Meanwhile, a gradient of one to three roller-cracking times was
established to investigate the dynamic changes in CDs under controlled roller-cracking
conditions and to analysis the distribution of CDs across each gradient [20–22]. Specifically,
this study aimed to:

(1) Obtain the WAR and calculate the CD quantitative characterization parameters of
WFB specimens.

(2) Refine the parameter combination, select the best feature descriptor generation
method, and obtain a CD feature descriptor.

(3) Evaluate the segmented prediction model generated by polynomial fitting based on
principal component analysis (PCA) dimensionality reduction [23].

(4) Refine the prediction model based on the proportion of sapwood and wetwood.
(5) Integrate segmented models and evaluate the performance.
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2. Materials and Methods
2.1. Materials

Over 200 tree trunks of plantation poplar (Populus tomentosa Carr.), aged over 5 years
and with a diameter of 30–35 cm, were obtained from Linyi, Shandong, China (35.0◦ N,
118.3◦ E, a temperate monsoon climate with annual average precipitation of 800 mm and
an annual average temperature of 14 °C).

2.2. Preparation of Wood Fiber Bundles

After debarking, the log with a length of 2 m was rotary cut into veneers with a
thickness of 6 mm. Afterward, the veneers were cut into strips with a width of 100 mm.
Then, the veneers were entered into the custom-made roller-cracking machine (Figure 1)
to induce cracking 1–3 times (three levels of cracking: cracking once (C1), cracking twice
(C2), and cracking three times (C3)) to obtain the WFBs. To ensure the randomness of
the sampling, this study randomly selected 20 pieces every half hour from the WFB pile.
Finally, the WFBs were sawn into rectangular specimens with a height of 200 mm and
naturally air-dried to a moisture content (MC) between 6.5% and 8.8%.
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Figure 1. The schematic diagram for the preparation of wood fiber bundles (WFB).

2.3. Water Adsorption Rate Assay

The experimental conditions were maintained at a room temperature (RT) of 23 ± 1 °C
and relative humidity (%RH) of 31% ± 4%. Distilled water was prepared, and an electronic
balance with an accuracy of 0.01 g (Model YP10002B, Lichen, Shanghai, China) was used
for weighing. The formula for calculating the WAR is given in Equation (1):

W =
m1 + m2 − 2m0

2 × m0
× 100% (1)

where W is the WAR, m0 is the dry weight of the specimens, m1 is the wet weight of 300 s
of soaking, and m2 is the wet weight of 600 s of soaking.

2.4. Extracting and Quantifying Surface Crack Features from Images

The crack images of the specimens were taken by a custom-made machine vision
system, which was composed of a workbench, two white strip light sources (JH-LS30050-
W, JuHui Photoelectric Co., Guangdong, China), and a color area scan camera with a
SA25220M-10MP lens (Manta G-235, Allied Vision, Stadtroda, Germany), captured by
Vimbar_v6.0_Windows software and processed by Python language 3.11.4.

Quantitatively characterizing feature parameters is the process of digitizing the CD.
There were four CD quantitative characterization parameters defined (M is the image’s
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height, and N is the image’s width): cracking density (αM×1) is the ratio of the number of
crack pixels in the row statistics to the number of row pixels (Figure 2); coherence degree
(βN×1) is the ratio of the number of crack pixels in the column statistics to the number of
column pixels; count of cracks (γM×1, CC) is counting the number of cracks obtained line
by line; and average width (δM×1, AW) is the ratio of the number of crack pixels in the row
statistics to the count of cracks. Their calculation formula is expressed in Equation (2):

αM×1 = BM×N × EN×1
N , βN×1 = BT

N×M × EM×1
M

γM×1 = (EdgM×N × EN×1), δM×1 = (N · αM×1)./γM×1
(cmn)M×N = [BM×N |0] ∗ Kernel

emn =

{
cmn,

0,
i f cmn = 1
i f cmn ̸= 1

EdgM×N = (emn)M×N

(2)

where BM×N is the binary image of crack segmentation, E is the vector with all elements of
1, Kernel =

[
1 −1

]
, m is the row index, n is the column index, and ∗ is the convolutional

operation.
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2.5. Statistical Analysis Methods for Cracking Degree Quantitative Characterization Parameters

The multivariate statistical analysis method [24,25] was applied to analyze defined
CD quantitative characterization parameters by R language 4.3.2 and Origin 2021 software,
including the principal component analysis, cluster analysis, canonical correlation analysis,
discriminant analysis, etc.

For the principal component analysis, the first two principal components were visual-
ized. For the cluster analysis, Ward [26,27] was chosen as the clustering method, Euclidean
was chosen as the distance type, the number of clusters was set to 3, and the minimum sum
of distances within each category was chosen as the basis for finding the cluster center point.
For the canonical correlation analysis [28], the data visualization and exploration were
performed using the “ggpairs” function from the “GGally” package. For the discriminant
analysis, heteroscedasticity was set as the discriminant function, a prior probability was set
to adjust the proportion based on group size, and the classification accuracy of the selected
feature in terms of cracking level under the specific feature descriptor generation method
was defined as the discrimination error.
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2.6. Feature Descriptor Generation Methods

This study proposed two methods for generating CD feature descriptors: Feature
Integration (FI) and Feature Splicing (FS). The core idea of FI is producing the vectors of
row and column statistics to construct a feature matrix, which transforms the process of
generating features into a weighted sum operation of feature matrices; the mathematical
definition is expressed in Equation (3). As for FS, it is to connect the vectors of row
and column statistics sequentially, forming a higher dimensional feature vector. The
process of generating features is transformed into the operation of feature vector weighted
concatenation, and the mathematical definition is expressed in Equation (4):

Q = k1 ·
[
α f αb

]
M×2·

[
β f

T

βb
T

]
2×N

+ k2 ·
[
γ f γb

]
M×2·

[
β f

T

βb
T

]
2×N

+ k3 ·
[
δ f δb

]
M×2·

[
β f

T

βb
T

]
2×N

(3)

Q =


k1
[
α f αb

]
k2
[
β f βb

]
k3
[
λ f λb

]
k4
[
δ f δb

]
 (4)

where k is the weight, Q is the CD feature descriptor, and T is the transpose operation.

2.7. Predictive Modeling Method

Polynomial regression prediction based on PCA dimensionality reduction, as a ma-
chine learning approach [29], was applied to describe the relationship between the WAR
and CD feature descriptor quantitatively [30,31]; the mathematical definition is expressed
in Equation (5):

fx(pcay.Qi) = lx(pcay.Qi)
x + lx−1(pcay.Qi)

x−1 + · · ·+ l1(pcay.Qi)
1 + l0 (5)

where i is the number of CD feature descriptors, pca. is the PCA dimensionality reduction
operation, y is the dimensionality of PCA dimensionality reduction, x is the order of
polynomial fitting, and l is the weight.

What is more, the prediction accuracy was assessed by the average mean squared error
(Average MSE) using the different settings of the dimensionality of PCA dimensionality
reduction and the order of polynomial fitting under different random sampling seeds
and selecting the optimal combination of the prediction parameters. The mathematical
definition is expressed in Equation (6):

Average − MSE =

Z
∑

z=1

J
∑

j=1

(
fx
(

pcay.Qi
(
sz,j

))
− Wz,j

)2

Z × J
(6)

where j is the number of specimens, J is the sample size, z is the identity of the random
sampling seed, Z is the number of random sampling seeds, s is the specimen, and W is the
actual measured value of the WAR.

2.8. Model Refinement Method

Poplar trees are originally sapwood species, but due to the influence of external envi-
ronmental factors and biological factors, their heartwood changes, causing the heartwood
to display a distinct red color different from the sapwood, and the moisture content of
the heartwood is higher than that of the sapwood. This type of heartwood is commonly
referred to as wetwood [32,33]. The wetwood phenomenon is an important problem that
affects the normal growth and effective utilization of poplar, and the incidence of wetwood
in poplar is as high as 100% [34]. And the wetwood phenomenon has been reported in
plantation poplar trees with a diameter of <30 cm [35].
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Therefore, this study proposed to refine the prediction model based on the proportion
of sapwood and wetwood, which can be distinguished by grayscale value distribution
statistics in the R channel (the sapwood of poplar wood is primarily white to light yellow,
while the wetwood is red–brown to brown). The mathematical definition is expressed in
Equation (7):

i f

M,N
∑

m=1,n=1
(1 i f Rmn≤τlow else 0)

M × N ≤ τCls_s, coe f = coe fs

else i f

M,N
∑

m=1,n=1
(1 i f Rmn≥τhigh else 0)

M × N ≥ τCls_h, coe f = coe fh
else coe f = coe fb
⌢
W = fx(pcay.Qi)× coe f

(7)

where R is the grayscale value point by point, τlow is the lower bound of statistical grayscale
values, τhigh is the upper bound of statistical grayscale values, τCls_s is the differentiation

threshold of sapwood, τCls_h is the differentiation threshold of wetwood,
⌢
W is the corrected

predicted value of water absorption, coe fs is the correction coefficient for sapwood, coe fh
is the correction coefficient for wetwood, and coe fb is the correction coefficient for mixed
sapwood and wetwood.

3. Results
3.1. Water Absorption Rate Profiles

Figure 3 shows that the WAR distribution of C1–C3 covered a range of 30%–100%,
50%–160%, and 80%–160%. The three-level data showed a bell-shaped distribution with
high middle and low sides, where the central mean peaks of C1 and C3 were relatively
significant, located in the range of approximately 60%–70% and 110%–120%, respectively.
The distribution range of C2 had a large span and no significant fluctuations. Combined
with the mean value and standard deviation of the three-level specimens in Table 1, as
the level of cracking increased, the average WAR of the specimen continued to increase,
with the average values being 62.70%, 105.94%, and 119.29%, respectively. However, the
increase showed a saturation characteristic, with the increase values being 43.24% and
13.35%, respectively. The standard deviation of the WAR first increased and then decreased,
and the maximum standard deviation during C2 was 23.67%. From the above analysis, it
can be inferred that the cracking of the specimens during the roller-cracking process was
uneven. With the increase in cracking times, the overall degree of cracking increased, but
its increment continued to decrease. At the same time, with the increase in cracking times,
the uniformity of the actual CD of the specimens also improved.

Table 1. Water absorption rate (WAR) among the different cracking levels of specimens.

Parameter Name C1 C2 C3

Sample Size 94 113 154
Mean Value/% 62.70 105.94 119.29

Standard Deviation/% 13.71 23.67 17.23

3.2. Feature Descriptor Selection Based on Discriminant Analysis

The discrimination error is the classification accuracy of the selected feature regarding
cracking level under the specific feature descriptor generation method. When all the
weights k are selected as 1 (Equations (3) and (4)), there were four feature selection methods:
Base (selecting cracking density and coherence degree), Base_CC (selecting Base and
CC), Base_AW (selecting Base and AW), and Base_AW_CC (selecting Base, AW, and CC).
Therefore, there were eight types of feature descriptors (two feature descriptor generation
methods × four feature selection methods). As shown in Figure 4, both feature descriptor
generation methods (FI and FS) achieved the minimum accumulative relative error when
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selecting the feature Base (sum of the relative errors of C1–C3 under the same feature
selection method), the maximum accumulative relative error when selecting the feature
Base_AW, and the relative errors of different cracking levels were very close at Base_AW_CC
and Base_CC. In addition, when selecting the feature Base, the accumulative relative error
of FS was the most minor at <0, indicating a decrease in overall relative discrimination error.
As for the accumulative relative error of FI, it was also very close to 0, but that of FI was
higher than that of FS. Therefore, this study chose FS + Base to obtain the feature descriptor.

Forests 2024, 15, 698 7 of 21 
 

 

 
Figure 3. Water absorption rate (WAR) distribution histogram. 

Table 1. Water absorption rate (WAR) among the different cracking levels of specimens. 

Parameter Name C1 C2 C3 
Sample Size 94 113 154 

Mean Value/% 62.70 105.94 119.29 
Standard Deviation/% 13.71 23.67 17.23 

3.2. Feature Descriptor Selection Based on Discriminant Analysis 
The discrimination error is the classification accuracy of the selected feature regard-

ing cracking level under the specific feature descriptor generation method. When all the 
weights k are selected as 1 (Equations (3) and (4)), there were four feature selection meth-
ods: Base (selecting cracking density and coherence degree), Base_CC (selecting Base and 
CC), Base_AW (selecting Base and AW), and Base_AW_CC (selecting Base, AW, and CC). 
Therefore, there were eight types of feature descriptors (two feature descriptor generation 
methods × four feature selection methods). As shown in Figure 4, both feature descriptor 
generation methods (FI and FS) achieved the minimum accumulative relative error when 
selecting the feature Base (sum of the relative errors of C1–C3 under the same feature 
selection method), the maximum accumulative relative error when selecting the feature 
Base_AW, and the relative errors of different cracking levels were very close at 
Base_AW_CC and Base_CC. In addition, when selecting the feature Base, the accumula-
tive relative error of FS was the most minor at <0, indicating a decrease in overall relative 
discrimination error. As for the accumulative relative error of FI, it was also very close to 
0, but that of FI was higher than that of FS. Therefore, this study chose FS + Base to obtain 
the feature descriptor. 

Figure 3. Water absorption rate (WAR) distribution histogram.
Forests 2024, 15, 698 8 of 21 
 

 

 
Figure 4. Relative discrimination error bar charts for three levels (C1–C3) of CD under different 
feature selection methods. Accumulative relative discrimination error line charts for two feature 
descriptor generation methods (FI and FS): (a) selecting only the Cracking Density as the feature 
descriptor, which served as the baseline (0 references); (b) selecting only the coherence degree as 
the feature descriptor, which served as the baseline. 

3.3. Generation and Evaluation of Segmented Prediction Model without Refinement 
To find the model with the most robust predictive ability, this study used tenfold 

cross-validation by dividing the training and testing sets, that is, selecting fixed ten ran-
dom seeds to shuffle the index of the samples. Each time, the first 20% of the index was 
fixed as the test set, and the last 80% was selected as the training set. At the same time, all 
segmented predictive models from C1 to C3 with PCA dimensionality reduction dimen-
sions of one to three and polynomial fitting orders of 1 to 10 were traversed. In each seg-
mented prediction model from C1 to C3, using 
[ ]PCA dimensionality reduction Polynomial fitting order   as the independent variable, 
the Average MSE of ten random samples was obtained and then sorted by the independ-
ent variable to obtain Figure 5. 

For cracking once (Figure 5a), when PCA dimensionality reduction = 1 (P1) and pol-
ynomial fitting order = 4 (D4), the Average MSE of ten samples was taken as the minimum 
value 0.0132, and the upper bound of the error was still lower than the Average MSE of 
other independent variables. Therefore, P1D4 was selected as the C1 stage prediction 
model parameter. During the ten prediction processes of the P1D4 parameter, the MSE 
value of the prediction results with random sampling seed identity 8 (S8) was the smallest 
and most accurate; the MSE value of the prediction results with random sampling seed 
identity 3 (S3) was the highest and the least accurate. The range of MSEs between random 
samplings approached 0.015. Similarly, if P1D2 was selected as the parameter for the C2 
stage prediction model (Figure 5b), the prediction results with random sampling seed 
identity 3 (S3) were the most accurate, while the prediction results with random sampling 
seed identity 4 (S4) were the least accurate. The range of MSEs between random samplings 
approached 0.037. Selecting P1D3 as the parameter for the C3 stage prediction model (Fig-
ure 5c), the prediction results with random sampling seed identity 6 (S6) were the most 
accurate, while the prediction results with random sampling seed identity 1 (S1) were the 
least accurate. The range of MSEs between random samplings approached 0.013. 

Figure 4. Relative discrimination error bar charts for three levels (C1–C3) of CD under different
feature selection methods. Accumulative relative discrimination error line charts for two feature
descriptor generation methods (FI and FS): (a) selecting only the Cracking Density as the feature
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3.3. Generation and Evaluation of Segmented Prediction Model without Refinement

To find the model with the most robust predictive ability, this study used tenfold cross-
validation by dividing the training and testing sets, that is, selecting fixed ten random seeds
to shuffle the index of the samples. Each time, the first 20% of the index was fixed as the
test set, and the last 80% was selected as the training set. At the same time, all segmented
predictive models from C1 to C3 with PCA dimensionality reduction dimensions of one to
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three and polynomial fitting orders of 1 to 10 were traversed. In each segmented prediction
model from C1 to C3, using

[
PCA dimensionality reduction Polynomial fitting order

]
as

the independent variable, the Average MSE of ten random samples was obtained and then
sorted by the independent variable to obtain Figure 5.
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For cracking once (Figure 5a), when PCA dimensionality reduction = 1 (P1) and poly-
nomial fitting order = 4 (D4), the Average MSE of ten samples was taken as the minimum
value 0.0132, and the upper bound of the error was still lower than the Average MSE of
other independent variables. Therefore, P1D4 was selected as the C1 stage prediction
model parameter. During the ten prediction processes of the P1D4 parameter, the MSE
value of the prediction results with random sampling seed identity 8 (S8) was the smallest
and most accurate; the MSE value of the prediction results with random sampling seed
identity 3 (S3) was the highest and the least accurate. The range of MSEs between random
samplings approached 0.015. Similarly, if P1D2 was selected as the parameter for the C2
stage prediction model (Figure 5b), the prediction results with random sampling seed
identity 3 (S3) were the most accurate, while the prediction results with random sampling
seed identity 4 (S4) were the least accurate. The range of MSEs between random samplings
approached 0.037. Selecting P1D3 as the parameter for the C3 stage prediction model
(Figure 5c), the prediction results with random sampling seed identity 6 (S6) were the most
accurate, while the prediction results with random sampling seed identity 1 (S1) were the
least accurate. The range of MSEs between random samplings approached 0.013.

3.4. Prediction Model Refinement and Accuracy Comparison

This study used FS + Base as the CD feature descriptor and the segmented prediction
model built earlier to predict the water absorption during the C1 to C3 process. As
shown in Figures 6 and 7, without considering the proportion of sapwood and wetwood
areas (i.e., without using coe fs, coe fh, and coe fb), the 95% predicted bandwidth of the
prediction model from C1 to C3 was approximately ± 23% (C1S8), ±38% (C1S3), ±45%
(C2S3), ±48% (C2S4), ±31% (C3S6), and ±32% (C3S1), respectively. The 95% confidence
bandwidth of the prediction model was approximately ± 13% (C1S8), ±19% (C1S3), ±20%
(C2S3), ±12% (C2S4), and ±17% (C3S6). The value of ±12% (C3S1), the error between
the predicted WAR and the measured value, was mainly within the ±20% error band.
Therefore, when the prediction error was acceptable at 20%, the direct prediction accuracy
was 94.4% ≥ C1 ≥ 83.4%, 63.7% ≥ C2 ≥ 54.5%, and 86.7% ≥ C3 ≥ 70.0%.

When the coe fs = 1.15, coe fh = 0.8, and coe fb = 1.0, the 95% predicted bandwidth of
the prediction model decreased sequentially from C1 to C3 as follows: 3% (C1S8), 9% (C1S3),
16% (C2S3), 23% (C2S4), 5% (C3S6), and 14% (C3S1). The 95% confidence bandwidth of
the prediction model decreased sequentially as follows: 2% (C1S8), 4% (C1S3), 10% (C2S3),
8% (C2S4), 5% (C3S6), and 10% (C3S1). When the prediction error was 20% acceptable, the
prediction accuracy was as follows: 100% ≥ C1 ≥ 94.4%, 90.9% ≥ C2 ≥ 81.8%, and 96.7%
≥ C3 ≥ 83.3%. When the prediction error was 10% acceptable, the prediction accuracy of
C1 to C3 was all ≥50%, indicating a significant improvement in the certainty and accuracy
of the prediction model.

3.5. Model Integration and Releasing

The release version model could be obtained by integrating the segmentation process
from C1 to C3 into a comprehensive prediction model. The results of when the P1D4 was
selected as every segmented fitting parameter and the S5 sampling was used to assess
the released model are shown in Figure 8. There were 70 test data, in which C1 = 18,
C2 = 22, and C3 = 30. The 95% prediction bandwidth of the model was ± 25%, and the
95% confidence bandwidth was ± 9%. When the prediction error was 20% acceptable, the
prediction accuracy was 94.3%, and when the prediction error was 10% acceptable, the
prediction accuracy was 67.1%.
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4. Discussion

The current study established predictive models and provided an acceptable cor-
relation to quantitatively describe the relationship between WAR and the CD of poplar
WFB specimens based on surface crack image characteristics. The results provide valu-
able insights into the adsorption property modeling of WFB and the prediction of roller-
cracking mechanisms.

4.1. Ideal Model between Cracking Degree and Water Absorption Rate

As analyzed in Section 3.1., the cracking level was positively related to the water
absorption ranking, and the WAR had saturation characteristics. This saturation char-
acteristic was consistent with the variation pattern of the MC during wood drying [36].
During the drying process, when the exposed surface area of the wood remains constant,
the rate of moisture content reduction in the wood slows down as its moisture content
decreases. Since the absorption and desorption of water in wood are reversible processes,
naturally, the rate of moisture content increase during the absorption process will slow
down as its moisture content increases. In summary, the migration of free water in wood
is subject to negative feedback regulation by its moisture content. Concurrently, existing
research indicates that the micro process of wood moisture absorption can be divided into
two stages: the moisture absorption process before the fiber saturation point, dominated
by capillary absorption within the cell wall, and the moisture absorption process after the
fiber saturation point, dominated by capillary absorption in tubular structures such as
vessels, wood fibers, and rays [37]. Roller-cracking loosens the wood, increasing the contact
area between wood and water, which significantly accelerates the speed of fiber saturation.
Given that the rate of fiber saturation is inherently rapid, the changes in the WAR studied
in this research primarily occurred during the free water migration process after the fiber
saturation point. Therefore, the occurrence of saturation characteristics was the result of
negative feedback regulation of free water migration.

Meanwhile, the degree of mechanical rolling cracking maintains a nonlinear rela-
tionship with the cracking level, but the cracking level can express the cracking degree
statistically. Therefore, regarding the wood specimen as an ideal material (neglecting the
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influence of material properties) and considering the randomness of roller cracking, the
ranking of the water absorption rate is equivalent to the cracking degree. The ideal model
between the cracking degree and the WAR was built in Figure 9. Thus, a method for
evaluating the quality of WFB using the WAR can be established based on the distribu-
tion pattern of WAR specimens at different cracking levels. For example, the C1 mainly
distributed in the range of b1–b2; if b1 is selected as the lower boundary and b2 is chosen
as the upper boundary, the specimens in the C1 category can achieve three classifications,
where <b1 is defined as a defect, ≥b1 and <b2 are defined as a qualified product, and ≥b2
is defined as excellent. As for C2, where <b2 is defined as a defect, ≥b2 and <b4 are defined
as a qualified product, and ≥b4 is defined as excellent. For C3, where <b3 is defined as a
defect, ≥b3 and <b5 are defined as a qualified product, and ≥b5 is defined as excellent. The
specimens mentioned previously in this study were as follows: b1 = 40, b2 = 80, b3 = 100,
b4 = 130, and b5 = 140. Under these conditions, both the defect rate and the excellent
product rate were approximately 10%, with the qualified product rate being 80%.
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Figure 9. Ideal model diagram of the relationship between CD and WAR.

4.2. Apparent Distribution and Role of Feature Parameters

Shown in Figure 10a–d are visualizations for independent parameters (treat the pa-
rameters extracted from the front and back sides of a specimen as independent of each
other, front and back) by PCA (only retaining the first and second principal components). In
the visualization results of independent parameters, both cracking degree and coherence
degree exhibited similar distribution density characteristics for the first principal compo-
nent, as shown in Figure 3, and the parameters showed significant differences between
specimens at different cracking levels. The specimens had good cohesion at the same
cracking level, indicating that the above two parameters were fundamental in describing
the cracking degree.
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For the first principal component of the count of cracks, there was a large overlap
between the C1 and C2 intervals, and C3 had a significant degree of discrimination from C1
and C2. For the first principal component of the average width, there was a large overlap
between the intervals of C2 and C3, and there was significant discrimination between C1
and C2 and C3. Overall, these two parameters played a complementary role in describing
the cracking degree, and their distribution patterns also indicated that the increase in water
absorption from C1 to C2 was mainly due to the increase in average width, while the
increase in water absorption from C2 to C3 was mainly due to the increase in the count
of cracks.

The progression from stages C1 to C3 were characterized by increased cracking den-
sity and coherence degree. Concurrently, the CC remained constant from C1 to C2 but
experienced a significant rise from C2 to C3. Macroscopically, this progression manifested
as follows (refer to Figure 2): The C1 stage initiated a crack at a point, yet the extent of the
cracking remained relatively minimal. During the C2 stage, the existing cracks extended,
increasing the depth and width of the cracks; however, the quantity of crack initiation
points did not significantly increase and might have even merged as the cracks extended.
The C3 stage saw a secondary proliferation of crack initiation points, intensifying the
cracking within the pre-existing cracks, thereby achieving a more uniform distribution.
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This phenomenon was attributed to the tendency of fiber cracking to align with the
direction of maximum stress. In the C1 stage, a crack initiated at the point of maximum
stress and extended marginally. During the C2 stage, cracks propagated further along the
longitudinal direction, accompanied by numerous instances of failure fractures. In the C3
stage, new crack initiation points emerged in areas of previous failures and fractures. These
new cracks were influenced by the pre-existing cracks, leading to a gradual homogenization
of the cracking pattern [38].

The four parameters on the second principal component showed relatively consistent
overlap characteristics between specimens at different cracking levels. This indicated that
the first principal component of each quantitative characterization parameter PCA con-
tained the most feature information. This suggested using PCA dimensionality reduction
to reduce the feature descriptors to one dimension (scalar) for regression analysis may be
enough. Therefore, in Section 3.3., this study only considered PCA dimensions of 1–3.

The analysis of the clustering results of joint parameters (treat the parameters extracted
from the front and back sides of a specimen as a whole,

[
f ront back

]
), as shown in

Figure 11a–d, showed that specimens with a reasonable number of clustering categories
could achieve approximate classification with different cracking levels. However, due to
extreme outliers in the data, relying directly on three-center clustering within the four joint
parameters to achieve specimen classification was still a very challenging task. Therefore, it
was necessary to construct advanced feature descriptors.
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Figure 11. Sample distribution patterns and clustering result images based on CD quantitative
characterization parameters (the front and back sides of the WFB are considered as one sample):
(a) based on cracking density; (b) based on coherence degree; (c) based on count of cracks; (d) based
on average width.
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4.3. Quantitative Characterization Parameter Feature Selection Mechanism

According to the typical correlation analysis of the four joint parameters (Figure 12), the
correlation coefficients between the cracking degree and coherence degree, count of cracks,
and average width were 1.000, 0.772, and 0.873, respectively. The correlation coefficients
of the coherence degree with count of cracks and average width were 0.771 and 0.874,
respectively. The correlation coefficient between the count of cracks and average width
was 0.373. Therefore, it was determined that the cracking degree and coherence degree
should be retained during feature selection for feature enhancement. In addition, the above
two parameters could also be used as two baseline feature descriptors in a discriminative
analysis to evaluate the effect of feature parameter selection (Section 3.2). The specific
process was to use the selected feature parameters to obtain the discrimination errors at
different cracking levels and subtract the discrimination errors of the above two parameters
at different cracking levels to serve as the relative error.
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When paying attention to the correlation between the four joint parameters on different
cracking levels, it can be found that the correlation between any two parameters on C3
was significantly lower than that of the same parameter on the other two levels, while the
correlation between the two same parameters on C1 and C2 was very close. This indicated
that as the cracking level increased, the disorder of surface cracks on the specimen increased.

4.4. The Mechanism of the Model Refinement Method

An ideal model for fragmentation and water absorption was established in Section 4.1;
however, it is known that the water absorption rate of wood specimens per unit of time is
influenced by both the properties of the original wood material (wood is an anisotropic
and heterogeneous natural material, and the water absorption performance of the sapwood
is more robust than that of the wetwood) [39,40] and the degree of mechanical rolling
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cracking. To enhance the accuracy of the prediction model, the effect of material properties
should be considered, since the impact of material properties is always considered static.
In contrast, the impact of roller cracking is dynamic. Therefore, the properties of the
original wood material could be assumed as a series of constant correction coefficients of
the cracking degree (Section 3.4 proved that the hypothesis is effective). While taking the
same constant correction coefficients, the water absorption rate of the specimen was only
positively correlated with the cracking degree.

The methodology has practical implications. For the wood processing industry, the
predictive models can guide WS’s process control and property tailoring by adjusting
cracking conditions based on desired performance targets.

However, there are also limitations. Only poplar wood was investigated in the current
study without considering variations across different wood species. In addition, the effect
of wood extracts on moisture absorption was not considered. Finally, feature extraction
only considered the surface cracking image features and did not fully utilize techniques
such as CT to extract internal structural features.

Several aspects can be improved in future research. First, advanced machine learning
algorithms like deep learning may further refine predictive performance. Second, mate-
rial testing under controlled cracking conditions is necessary to validate models against
experimental data. Third, multi-scale modeling linking microstructures to macroscopic
properties could be developed.

In summary, this study provides a novel approach for predictive modeling and property
design of wood materials. While limitations exist, the methodology established here lays a
foundation for more comprehensive modeling and deeper mechanistic understanding.

5. Conclusions

This study proposed a machine learning approach based on surface crack image
features of wood fiber bundles to quantitatively evaluate and predict their water absorption
rate. The main conclusions are:

(1) The experiments were designed to establish gradients of controlled roller-cracking
degrees, and water absorption rate data of wood fiber bundles under different cracking lev-
els were obtained. The results showed that the water absorption rate increased first and then
saturated with an increase in cracking level, but the growth amplitude gradually decreased.

(2) Four quantitative characterization parameters describing the cracking degree were
proposed, and a discriminant analysis was used to select the basic parameter combination
as the feature descriptor. The results demonstrated that the basic parameter combination
could effectively describe the cracking degree.

(3) Segmented prediction models based on principal component analysis dimension-
ality reduction and polynomial fitting were established, and the model parameters were
refined through cross-validation. The results showed that the models could well predict
the water absorption rate under different cracking levels.

(4) A model refinement method based on the proportion of sapwood and wetwood
was proposed. The results showed that the prediction accuracy and reliability of the refined
model were significantly improved.

(5) An integrated global prediction model was constructed by combining the seg-
mented models. The results showed that the prediction accuracy within an error of 20%
could reach 94.3%.

(6) The distribution characteristics and correlation of quantitative parameters were
analyzed, explaining the mechanism of parameters in describing the cracking degree.

(7) An ideal model of the relationship between cracking degree and water absorption
rate was summarized and proposed to provide a reference for wood quality evaluation.

This study established a machine learning approach based on image features to quan-
titatively evaluate and predict the water absorption rate of wood fiber bundles. The results
can provide a reference for the process control and property design of wood structural
materials. Future research directions include considering more wood species, extracting
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internal structural features using CT, further improving the prediction accuracy with deep
learning algorithms, and model validation through controlled experiments.

The research findings lay the foundation for the quantitative evaluation and predic-
tion of wood material properties, provide insights for the in-depth exploration of micro-
mechanisms, and are of great significance to the wood processing industry.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/f15040698/s1, Figure S1. Flowchart of the algorithm for
predicting WAR of WFB. Figure S2. Schematic diagram of hole cropping.
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